Fixed series capacitors have long been used in power systems as a cost-effective option for enhancing power transfer capability of HV transmission systems. However, the series capacitor has caused shaft damage in multistage steam turbine system in couple of occasions through subsynchronous resonance (SSR). SSR is an electric power system condition where the electric network exchanges energy with a turbine generator at one or more of the natural frequencies of the combined system under the subsynchronous frequency of the system [1] . This leads to turbine-generator shaft failure and system instability.
I. INTRODUCTION
Fixed series capacitors have long been used in power systems as a cost-effective option for enhancing power transfer capability of HV transmission systems. However, the series capacitor has caused shaft damage in multistage steam turbine system in couple of occasions through subsynchronous resonance (SSR). SSR is an electric power system condition where the electric network exchanges energy with a turbine generator at one or more of the natural frequencies of the combined system under the subsynchronous frequency of the system [1] . This leads to turbine-generator shaft failure and system instability.
Rotor oscillations of generator at a torsion mode frequency, (fm) induce armature voltage components at frequencies (fern) given by:
(1) When the subsynchronous component fern is close to electrical resonant frequency, the subsynchronous torques produced by subsynchronous voltage components can be Manuscript received June 8, 2010 . Ali Ajami is with the electrical engineering department of Azarbaijan university of Tarbiat Moallem, Tabriz, Iran, phone: +98-914-3183362; fax: +98-412-4327548; e-mail: ajami@azaruniv.edu Naser Taheri is with the electrical engineering department of, Islamic Azad University, Quchan Branch, Iran, e-mail: N.Taheri.1362@gmail.com sustained. This interplay between electrical and mechanical systems is termed as torsional oscillations [2] .
Flexible AC Transmission Systems (FACTS) technology is an important tool for permitting existing transmission facilities to be loaded, at least under contingency situations, up to their thermal limits without degrading system security [3] [4] [5] [6] . The most striking feature is the ability to directly control transmission line flows by structurally changing parameters of the grid and to implement high-gain type controllers, based on fast switching.
The uses of FACTS devices like STATCOM are increasing in the network for enhancing power transfer, voltage stability and damping of power oscillations. As a promising technology, the control of STATCOM has been discussed in many literatures [7] [8] [9] [10] . In this paper, the damping of torsional oscillations using STATCOM, connected at the middle bus is studied. A supplementary fuzzy control signal is added to control circuit to damping oscillations caused by series compensator capacitance. To improve STATCOM controller, hybrid Fuzzy/LQR controller is proposed.
II. DYNAMIC MODELLING OF STATCOM
The system considered is an IEEE benchmark used to study subsynchronous resonance. The modeling aspects of the electromechanical system are given in detail in reference [11] . This system is shown in Fig.1 . are decoupled so that the use of classic control method is possible, and even more physical meaning for each control variable can be acquired [12] . Equations (2) to (4) give the mathematical expression of the STATCOM shown in Fig 1.  Fig.2 illustrates the detailed control block diagram of STATCOM according to dynamic equations [13] [14] [15] [16] [17] .
A. Hybrid fuzzy/LQR realization
In the nonlinear systems tuning the parameters of PI controller are difficult and this is disadvantage of PI controller application. In this paper it is solved by hybrid Fuzzy/LQR controller. Linear Quadratic Regulator (LQR) is an optimal control method and is also a pole placement method. This method determines the feedback gain matrix that minimizes the cost function in order to achieve the optimal tradeoff between the use of control effort, the magnitude and the speed of response. In addition, this method guarantees a stable control system [17] .
Given a linear system:
where x (t) are the system's states, u(t) is the system input and y(t) is the output. The objective is to design a feedback
such that the cost function (4) can be minimized:
The weighting matrices Q and R are positive semi-definite. They control how much effort should be put on the controller. The feedback gain K is obtained by getting matrix P first via solving the Riccati equation: 0
(8) When the feedback gain K is obtained, the LQR controller can be easily designed to make the states approach zeros optimally.
Writing equations (2), (3) and (4) in the state space format as (5), the corresponding matrix can be found as: Since the LQR controller is designed to drive the states to zero. This is very restrictive and not suitable for solving tracking system problem. In the STATCOM control, line currents are to be followed. Therefore, alteration must be applied to the LQR controller in order to drive the current errors, instead of the currents, to zero. To achieve zero steady state errors, an integrator is inserted in the control loop and the original system is augmented to include the errors as new system states [12] .
In equation (8),
Rewrite the cost function in format of (10) , it shows that the new LQR regulator is aimed in minimize the errors.
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The control block diagram of the LQR current control loop is shown in Fig.3 [12, 17] . Fig.4 (a) depicts the structure of a fuzzy control system, which is comprised of a typical Single Input Single Output (SISO) Mamdani fuzzy controller and a system under control. The major components of a typical fuzzy controller are fuzzification, fuzzy rule base, fuzzy inference, and defuzzification. Fuzzification is the process of decomposing a system input and/or output into one or more fuzzy sets.
B. Fuzzy Logic Controller
Fuzzy rules represent the control strategy. Fuzzy inference is used in a fuzzy rule to determine the rule outcome from the given rule input information. When specific information is assigned to input variables in the rule antecedent, fuzzy inference is needed to calculate the outcome for output variable(s) in the rule consequent. For more details of this method, readers can refer to [17] . In Fig.4 (b) a pd-fuzzy controller is shown. In this figure coefficients k are the proportional and the differential gain factors. This controller is used in outer control loop in STATCOM. Also a supplementary controller is designed to damping oscillations of power system. These oscillations are caused by compensated line.
The supplementary stabilizing input signal is converted to fuzzy linguistic variables in the fuzzifier. These are then composed with the fuzzy decision variables. The decision making logic generates the fuzzified control through various composition rules. The fuzzy control is then defuzzified and is used STATCOM control circuit.
Readers can refer to [18, 19] for steps that are involved in designing fuzzy controller.
III. ANALYSIS OF DAMPING CONTROLLER FOR SSR
The damping of power system oscillations can be improved by developing a torque in phase with the speed deviation. Choice of a measurable input signal is the main consideration in the design of a damping controller.
In this paper the speed deviation of the generator is used as input to the damping controller and added to the outer dc voltage control loop. This signal brings to a controller who designed based fuzzy logic for STATCOM Fuzzy/LQR (Fig.5) and a PI controller for STATCOM PI/LQR. 
IV. SIMULATION RESULTS
In this paper the case study system is an IEEE benchmark used to study subsynchronous resonance and particularly torque amplification. It consists in a single generator (600 MVA/22kV/60 Hz/3600 rpm) connected to an infinite bus via two transmission lines, one of which is 55% series-compensated. The subsynchronous mode introduced by the compensation capacitor after a three-phase fault has been applied and cleared excites the oscillatory torsional modes of the multi-mass shaft and the torque amplification phenomenon can be observed. The mechanical system is modeled by 3-masses: mass 1 = generator; mass 2 = low pressure turbine (LP); mass 3 = high pressure turbine (HP).
In this case a three phase fault is happened in middle bus at t=2s for 5 cycle. Beside, a reactive load
) is added to system in t=2.5-3.5. This load is applied to testing STATCOM reactive power injection. STATCOM information is given in appendix.
Fuzzy rules that are in fuzzy controllers are shown in Table. 1. Fig.6 shows the membership functions for fuzzy controller that used in outer dc voltage control loop. Error, deviation error and controller output range for all fuzzy controllers are shown in Table. 2. (a) (b) Fig. 10 presents torque between generator and low pressure and Fig. 11 show torque between low pressure and high pressure turbine. It is obvious that the uncompensated system with series capacitive will be unstable when a 3 phase fault is occurred. Figures 12-21 are shown system characterizations after STATCOM installation. Figures 12-15 present the load angle, deviation of rotor speed, deviation of low pressure shaft speed and deviation of high pressure shaft speed respectively. Fig.16 describes torque between mass 1 (generator) and mass 2 (LP turbine). Fig.17 shows torque between mass 2 (LP turbine) and mass 3 (HP turbine). Injected reactive power by STATCOM, STATCOM connected bus voltage, DC link voltage and output voltage of STATCOM are presented in Fig. 18-21 respectively.
These figures are shown stability of system after the STATCOM installation. Also it is obvious that Fuzzy/LQR strategy for STATCOM controlling has better response rather the PI/LQR controller strategy. . R
